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DIGITAL MANUFACTURING WITH 
AMORPHOUS METALLIC ALLOYS 

CROSS-REFERENCE TO RELATED 

APPLICATION(S) 
[0001] The present application claims priority to US. Pro 
visional Application No. 61/124,646, ?led on Apr. 18, 2008, 
and entitled “DIGITAL MANUFACTURING WITH 
AMORPHOUS METALLIC ALLOYS”, the disclosure of 
Which is incorporated by reference in its entirety. 

BACKGROUND 

[0002] The present invention relates to methods for build 
ing three-dimensional (3D) objects in extrusion-based digital 
manufacturing systems. In particular, the present invention 
relates to metallic modeling materials for use in extrusion 
based digital manufacturing systems. 
[0003] An extrusion-based digital manufacturing system 
(e. g., fused deposition modeling systems developed by 
Stratasys, Inc., Eden Prairie, Minn.) is used to build a 3D 
object from a computer-aided design (CAD) model in a layer 
by-layer manner by extruding a ?oWable modeling material. 
The modeling material is extruded through an extrusion tip 
carried by an extrusion head, and is deposited as a sequence of 
roads on a substrate in an x-y plane. The extruded modeling 
material fuses to previously deposited modeling material, and 
solidi?es upon a drop in temperature. The position of the 
extrusion head relative to the substrate is then incremented 
along a Z-axis (perpendicular to the x-y plane), and the pro 
cess is then repeated to form a 3D object resembling the CAD 
model. 
[0004] Movement of the extrusion head With respect to the 
substrate is performed under computer control, in accordance 
With build data that represents the 3D object. The build data is 
obtained by initially slicing the CAD model of the 3D object 
into multiple horiZontally sliced layers. Then, for each sliced 
layer, the host computer generates a build path for depositing 
roads of modeling material to form the 3D object. 
[0005] In fabricating 3D objects by depositing layers of 
modeling material, supporting layers or structures are typi 
cally built underneath overhanging portions or in cavities of 
objects under construction, Which are not supported by the 
modeling material itself. A support structure may be built 
utiliZing the same deposition techniques by Which the mod 
eling material is deposited. The host computer generates 
additional geometry acting as a support structure for the over 
hanging or free-space segments of the 3D object being 
formed. Support material is then deposited from a second 
noZZle pursuant to the generated geometry during the build 
process. The support material adheres to the modeling mate 
rial during fabrication, and is removable from the completed 
3D object When the build process is complete. 
[0006] A common interest of consumers in the industry of 
digital manufacturing is to increase the physical properties of 
the 3D objects, such as part strengths and durability. One 
category of materials that could provide such increased physi 
cal properties include metallic materials. For example, 3D 
objects built from steel may exhibit tensile strengths of about 
480 megapascals (about 70,000 pounds/square-inch), Which 
is substantially greater than those of industrial thermoplastic 
materials (e.g., about 30 megapascals (5,000 pounds/square 
inch) for acrylonitrile-butadiene-styrene materials). HoW 
ever, the extrusion of metallic materials poses several issues 
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for digital manufacturing. First, the extrusion of metallic 
materials require high operating temperatures, Which may 
undesirably affect performance of the digital manufacturing 
systems. Furthermore, metallic materials typically exhibit 
substantial crystalline atomic-scale structures, Which exhibit 
slushy states betWeen their solidus and liquidus phases (for 
non-eutectic alloys) that may clog noZZles of the extrusion 
head. Thus, there is an ongoing need for materials that exhibit 
good physical properties and that are extrudable for use With 
digital manufacturing systems. 

SUMMARY 

[0007] The present invention relates to a method for build 
ing a three-dimensional object in a layer-by-layer manner 
With a digital manufacturing system. The method includes 
heating a build chamber of the digital manufacturing system, 
and feeding a solid feedstock of a modeling material to a 
lique?er assembly of the digital manufacturing system, 
Where the modeling material comprises an amorphous metal 
lic alloy. The method further includes heating the modeling 
material of the solid feedstock in the lique?er assembly to an 
extrudable state, and depositing the heated modeling material 
Within the heated build chamber in a predetermined pattern to 
form the three-dimensional object. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] FIG. 1 is a front vieW of an extrusion-based digital 
manufacturing system for building 3D objects from amor 
phous metallic alloys. 
[0009] FIG. 2 is an expanded partial sectional vieW of a 
build line of an extrusion head for extruding an amorphous 
metallic alloy. 

DETAILED DESCRIPTION 

[0010] FIG. 1 is a front vieW of system 10, Which is an 
extrusion-based digital manufacturing system that includes 
build chamber 12, build platform 14, gantry 16, extrusion 
head 18, Wire supply source 20, and ?lament supply source 
22. Suitable digital manufacturing systems for system 10 
include fused deposition modeling systems developed by 
Stratasys, Inc., Eden Prairie, Minn. Build chamber 12 is an 
enclosed environment that contains build platform 14, gantry 
16, and extrusion head 18 for building a 3D object (referred to 
as 3D object 24) and a corresponding support structure (re 
ferred to as support structure 26). As discussed beloW, 3D 
object 24 is built from a modeling material that includes an 
amorphous metallic alloy. This provides 3D object 24 good 
physical properties due to the amorphous metallic alloy (e. g., 
high part strengths, durability, and corrosion resistance). 
[0011] Build platform 14 is a substrate on Which 3D object 
24 and support structure 26 are built, and moves along a 
vertical Z-axis based on signals provided from a computer 
operated controller (not shoWn). Gantry 16 is a guide rail 
system con?gured to move extrusion head 18 in a horiZontal 
x-y plane Within build chamber 12 based on signals provided 
from the computer-operated controller. The horiZontal x-y 
plane is a plane de?ned by an x-axis and a y-axis (not shoWn 
in FIG. 1), Where the x-axis, the y-axis, and the Z-axis are 
orthogonal to each other. In an alternative embodiment, build 
platform 14 may be con?gured to move in the horiZontal x-y 
plane Within build chamber 12, and extrusion head 18 may be 
con?gured to move along the Z-axis. Other similar arrange 
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ments may also be used such that one or both ofbuildplatforrn 
14 and extrusion head 18 are moveable relative to each other. 

[0012] Extrusion head 18 is a moveable deposition head 
supported by gantry 16 for building 3D object 24 and support 
structure 26 on build platform 14 in a layer-by-layer manner, 
based on signals provided from the computer-operated con 
troller. In the embodiment shoWn in FIG. 1, extrusion head 18 
is a dual-tip extrusion head con?gured to deposit modeling 
and support materials from Wire 28 and ?lament 30, respec 
tively. Examples of suitable extrusion heads for extrusion 
head 18 include those disclosed in LaBossiere, et al., US. 
Patent Application Publication No. 2007/0003656, entitled 
“Rapid Prototyping System With Controlled Material Feed 
stock”; LaBossiere, et al., US. Patent Application Publica 
tion No. 2007/0228590, entitled “Single-Motor Extrusion 
Head Having Multiple Extrusion Lines”; and Leavitt, US. 
Patent Application Publication No. 2009/0035405, entitled 
“Extrusion Head For Use In Extrusion-Based Layered Depo 
sition System”. 
[0013] Wire supply source 20 is a source (e.g., a spooled 
container) for Wire 28, Which is desirably retained at a remote 
location from build chamber 12. Wire 28 is a Wire strand of a 
modeling material for building 3D object 24, Where the mod 
eling material includes an amorphous metallic alloy. As used 
herein, the term “amorphous metallic alloy” refers to a metal 
lic alloy having an atomic-scale structure that is substantially 
non-crystalline (or fully non-crystalline), thereby alloWing 
the alloy to exhibit a glass transition temperature betWeen a 
solidi?cation temperature and a melting temperature. Suit 
able amorphous metallic alloys may be forrned from liquid 
state cooling processes (i.e., metallic glasses), vapor deposi 
tion processes, chemical syntheses, and combinations 
thereof. 

[0014] The amorphous metallic alloy desirably has a glass 
transition temperature that alloWs the modeling material of 
Wire 24 to be heated to an extrudable state for extrusion from 
extrusion head 18 into build chamber 12. Suitable glass tran 
sition temperatures for the amorphous metallic alloy include 
temperatures of less than about 450° C., With particularly 
suitable glass transition temperatures including temperatures 
of less than about 250° C., and With even more particularly 
suitable glass transition temperatures including temperatures 
of less than about 150° C. All temperatures referred to herein 
are based on atmospheric-pressure conditions. At or beloW 
the glass transition temperature, the amorphous metallic alloy 
exhibits a viscosity that alloWs the modeling material to sub 
stantially retain its shape When deposited, and that also desir 
ably reduces the risk of clogging the noZZle of extrusion head 
18 (not shoWn in FIG. 1). In contrast, non-eutectic, polycrys 
talline metallic alloys exhibit slush states betWeen the solidus 
and liquidus states, Which are typically mixtures of loW 
viscosity liquids and randomly-shaped solid particles. Such 
alloys generally do not retain their shapes When deposited, 
and the solid particles dispersed through the loW-viscosity 
liquid present a risk for clogging the noZZle of extrusion head 
18. Furthermore, eutectic polycrystalline metals are generally 
unsuitable for extrusion due to the rapid phase changes 
betWeen solidus and liquidus states. 
[0015] Examples of suitable temperature differences 
betWeen the glass transition temperature and the melting tem 
perature of the amorphous metallic alloy include differences 
of at least about 20° C., With particularly suitable temperature 
differences including differences of at least about 50° C., and 
With even more particularly suitable temperature differences 
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including differences of at least about 75° C. These differ 
ences betWeen the glass transition temperature and the melt 
ing temperature alloW the modeling material to be heated to 
an extrudable state Without completely liquefying the mate 
rial. 
[0016] The amorphous metallic alloy also desirably has 
good physical properties to provide strong and durable 3D 
objects (e.g., 3D object 24). Examples of suitable values of 
the Young’s Modulus for the amorphous metallic alloy 
include at least about 20,000 megapascals (about 2.9><106 
pounds/square-inch), With particularly suitable values 
including at least about 30,000 megapascals (about 4.3><106 
pounds/square-inch), Where the values of the Young’s Modu 
lus are measured pursuant to ASTM E111-04 at 25° C. 
Examples of suitable tensile strengths for the amorphous 
metallic alloy include strengths of at least about 200 mega 
pascals (about 29,000 pounds/square-inch), With particularly 
suitable tensile strengths including strengths of at least about 
400 megapascals (about 58,000 pounds/square-inch), Where 
the tensile strengths are measured pursuant to ASTM E8-04 at 
25° C. The amorphous metallic alloy is also desirably corro 
sion and oxidation resistant to reduce the risk of degrading the 
alloy during a build operation, and to preserve the physical 
integrity and durability of 3D object 24. 
[0017] In one embodiment, the amorphous metallic alloy 
includes an amorphous alloy of cerium, copper, aluminum, 
and niobium. For example, the amorphous metallic alloy may 
include an amorphous alloy of Ce68Cu2OAl1ONb2, Which 
exhibits a glass transition temperature of about 70° C., a 
melting temperature of about 150° C., and shoWs superplas 
ticity at about 100° C. The material may be formed by arc 
melting cerium With copper, aluminum, and niobium in an 
inert atmosphere, and formed into solid ingots of the amor 
phous metallic alloy using a metglass cooling process. The 
solid ingots may then be reheated and shaped into the dimen 
sions of Wire 28. 
[0018] In addition to the amorphous metallic alloy, the 
modeling material of Wire 24 may also include additional 
materials, such as rheology modi?ers, ?llers, colorants, sta 
biliZers, and combinations thereof. The dimensions of Wire 
28 may vary depending on the amorphous metallic alloy of 
Wire 28, and on the dimensions of the components of extru 
sion head 18. Examples of suitable average diameters for Wire 
28 range from about 0.508 millimeters (about 0.020 inches) 
to about 2.54 millimeters (about 0.100 inches). 
[0019] Filament supply source 22 is a source (e.g., a 
spooled container) for ?lament 30, and is also desirably 
retained at a remote location from build chamber 12. Filament 
30 is a ?lament strand of a support material for building 
support structure 28. The dimensions of ?lament 30 may vary 
depending on the material of ?lament 30, and on the dimen 
sions of the components of extrusion head 18. Examples of 
suitable average diameters for ?lament 30 range from about 
1.143 millimeters (about 0.045 inches) to about 2.54 milli 
meters (about 0.100 inches). Suitable assemblies for Wire 
supply source 20 and suitable ?lament strands for ?lament 30 
are disclosed in SWanson et al., US. Pat. No. 6,923,634 and 
Comb et al., US. Pat. No. 7,122,246. In one embodiment, the 
support material of ?lament 30 may also include additional 
materials to increase layer-Wise adhesion, such as one or 
more ?uxing materials. 

[0020] Build chamber 12 is desirably heated to, and main 
tained at, one or more temperatures that are in a WindoW 
betWeen the solidi?cation temperatures and the creep relax 
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ation temperatures of the modeling material and the support 
material. Examples of techniques for determining the creep 
relaxation temperatures of the modeling and support materi 
als are disclosed in Batchelder et al., U.S. Pat. No. 5,866,058. 
This reduces the risk of mechanically distorting (e. g., curling) 
3D object 24 and/or support structure 26. Accordingly, as 
used herein, the term “creep relaxation temperature” of a 
material refers to a temperature at Which the stress relaxation 
modulus of the material is 10% relative to the stress relaxation 
modulus of the material at the solidi?cation temperature of 
the material, Where the stress relaxation modulus is measured 
pursuant to ASTM E328-02. 

[0021] The modeling material of Wire 28 (containing the 
amorphous metallic alloy) and the support material of ?la 
ment 3 0 desirably have similar creep relaxation temperatures, 
thereby alloWing build chamber 12 to be heated to a suitable 
temperature Within the above-discussed WindoW. Examples 
of suitable creep relaxation temperature differences for the 
modeling material of Wire 28 and the support material of 
?lament 30 include differences of less than about 30° C., With 
particularly suitable creep relaxation temperature differences 
including differences of less than about 20° C., and even more 
particularly suitable creep relaxation temperature differences 
including differences of less than about 10° C. 
[0022] Furthermore, examples of suitable elevated tem 
perature for build chamber 12, based on an average creep 
relaxation temperature betWeen the creep relaxation tempera 
tures of the modeling material and the support material, 
include temperatures Within about 20° C. of the average creep 
relaxation temperature, With particularly suitable elevated 
temperature including temperatures Within about 15° C. of 
the average creep relaxation temperature, and even more par 
ticularly suitable elevated temperature including tempera 
tures Within about 10° C. of the average creep relaxation 
temperature. 
[0023] During a build operation With system 10, gantry 16 
moves extrusion head 18 around in the horiZontal x-y plane 
Within build chamber 12, and successive portions of Wire 28 
are fed from Wire supply source 20 to extrusion head 18. The 
received portions of Wire 28 are heated to an extrudable state 
Within extrusion head 18, and the upstream, unmelted por 
tions of Wire 28 function as a piston With a viscosity-pump 
action to extrude the heated modeling material out of extru 
sion head 18. The extruded modeling material then deposits 
onto build platform 14 based on a ?rst predetermined pattern, 
thereby building 3D object 24 in a layer-by-layer manner. 
Correspondingly, successive portions of ?lament 30 may be 
fed from ?lament supply source 22 to extrusion head 18. The 
received portions of ?lament 30 are then heated to an extrud 
able state Within extrusion head 18, and the upstream, 
unmelted portions of ?lament 30 function as a piston With a 
viscosity-pump action to extrude the support material out of 
extrusion head 18. Correspondingly, the extruded support 
material deposits onto build platform 14 based on a second 
predetermined pattern, thereby building support structure 26 
in a layer-by-layer manner. This alloWs support structure 26 
to provide underlying support to subsequently deposited lay 
ers of the amorphous metallic alloy of Wire 28. 
[0024] FIG. 2 is an expanded partial sectional vieW of build 
line 32 of extrusion head 18 (shoWn in FIG. 1) for extruding 
the modeling material of Wire 28 (containing the amorphous 
metallic alloy) to build 3D object 24 (shoWn in FIG. 1). Build 
line 32 includes feed tube 34, base block 36, feed channel 38, 
drive system 40, lique?er assembly 42, and build tip 44, 
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Which are arranged in the same manner as disclosed in LaBos 
siere, et al., U.S. Patent Application Publication No. 2007/ 
0228590. Feed tube 34 receives Wire 28 from Wire supply 
source 20, as discussed above. Wire 28 extends through feed 
tube 34 and feed channel 38 of base block 36, thereby alloW 
ing drive system 40 to feed Wire 28 into lique?er assembly 42. 
[0025] Drive system 40 includes drive roller 46 and idler 
roller 48, Which are con?gured to engage and grip Wire 28. 
Drive roller 46 is desirably connected to a drive motor (not 
shoWn), Which alloWs drive roller 46 and idler roller 48 to feed 
the ?lament into lique?er assembly 42. Lique?er assembly 42 
includes lique?er block 50 and lique?er tube 52. Lique?er 
tube 52 is a thin-Wall, thermally conductive tube extending 
through lique?er block 50, Which has an entrance adjacent 
drive system 40, and an exit at build tip 44. Cooling air is 
desirably supplied adjacent to the entrance of lique?er tube 
52 to keep the temperature of Wire 28 beloW the glass transi 
tion temperature of the modeling material at the locations 
upstream of lique?er assembly 42. Lique?er tube 52 provides 
a pathWay for Wire 28 to travel through lique?erblock 50, and 
desirably includes an inner-surface coating (e.g., a dielectric 
coating) to reduce the risk of alloying the material of lique?er 
tube 52 and the amorphous metallic alloy of the modeling 
material. 

[0026] Lique?er block 50 is a heating block for melting the 
?lament to a desired ?oW pattern based on a thermal pro?le 
along lique?er block 50. Due to the high thermal conductivity 
of the amorphous metallic alloy of the modeling material 
(relative to thermoplastic materials), the length of thermal 
pro?le along lique?er block 50 may be reduced, Which cor 
respondingly reduces the How response time during the build 
operation. Build tip 44 is an extrusion tip secured to lique?er 
assembly 42. Build tip 44 has a tip diameter for depositing 
roads of the modeling material, Where the road Widths and 
heights are based in part on the tip diameter. Examples of 
suitable tip diameters for build tip 44 range from about 250 
micrometers (about 10 mils) to about 510 micrometers (about 
20 mils). 
[0027] The modeling material is extruded through build 
line 32 of extrusion head 18 by applying rotational poWer to 
drive roller 46 (from the drive motor). The frictional grip of 
drive roller 46 and idler roller 48 translates the rotational 
poWer to a drive pressure that is applied to Wire 28. The drive 
pressure forces successive portions of Wire 28 into lique?er 
tube 52, Where the modeling material is heated by lique?er 
block 50 to an extrudable state. The unmelted portion of Wire 
28 functions as a piston With a viscosity-pump action to 
extrude the heated modeling material through lique?er tube 
52 and build tip 44, thereby extruding the heated modeling 
material. The drive pressure required to force Wire 28 into 
lique?er tube 52 and extrude the amorphous metallic alloy is 
based on multiple factors, such as the resistance to How of the 
amorphous metallic alloy, bearing friction of drive roller 46, 
the grip friction betWeen drive roller 46 and idler roller 48, 
and other factors, all of Which resist the drive pressure applied 
to Wire 28 by drive roller 46 and idler roller 48. 

[0028] As discussed above, the modeling material is depos 
ited in a predetermined pattern to build 3D object 24 in a 
layer-by-layer manner. The temperature of build chamber 12 
(shoWn in FIG. 1) desirably alloWs the deposited modeling 
material to cool to beloW the glass transition temperature of 
the modeling material, thereby alloWing the deposited mod 
eling material to retain its shape and support subsequently 
deposited layers. Moreover, the elevated temperature of build 
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chamber 12 reduces the risk of mechanically distorting the 
deposited modeling material as it cools in build chamber 12, 
despite the high thermal conductivity of the amorphous 
metallic material. As such, 3D object 24 may be built With a 
modeling material containing an amorphous metallic mate 
rial, Which exhibits good physical properties, While also sub 
stantially retaining the same desired deposition patterns that 
are attainable With deposited thermoplastic materials. 
[0029] While extrusion head 18 is discussed above for a 
deposition process With a lique?er assembly, the build line 32 
may be replaced With a variety of different feedstock drive 
mechanism and lique?er arrangements. For example, system 
10 may include one or more tWo-stage pump assemblies, such 
as those disclosed in Batchelder et al., U.S. Pat. No. 5,764, 
521; and Skubic et al., U.S. Patent Application Publication 
No. 2008/0213419. In an additional alternative embodiment 
involving tWo-stage pump assemblies, the lique?er portion 
may be located at the ?rst stage, and the heated build material 
is then conveyed to a moveable deposition head. Although the 
present invention has been described With reference to pre 
ferred embodiments, Workers skilled in the art Will recogniZe 
that changes may be made in form and detail Without depart 
ing from the spirit and scope of the invention. 

1. A method for building a three-dimensional object in a 
layer-by-layer manner With a digital manufacturing system, 
the method comprising: 

heating a build chamber of the digital manufacturing sys 
tem; 

feeding a solid feedstock of a modeling material to a liq 
ue?er assembly of the digital manufacturing system, 
Wherein the modeling material comprises an amorphous 
metallic alloy; 

heating the modeling material of the solid feedstock in the 
lique?er assembly to an extrudable state; and 

depositing the heated modeling material Within the heated 
build chamber in a predetermined pattern to form the 
three-dimensional object. 

2. The method of claim 1, Wherein the amorphous metallic 
alloy of the modeling material has a glass transition tempera 
ture ofless than about 450° C. 

3. The method of claim 2, Wherein the glass transition 
temperature of the amorphous metallic alloy is less than about 
250° C. 

4. The method of claim 1, Wherein the amorphous metallic 
alloy has a melting temperature and a glass transition tem 
perature, and Wherein the difference betWeen the glass tran 
sition temperature and the melting temperature is at least 
about 20° C. 

5. The method of claim 1, Wherein the amorphous metallic 
alloy comprises cerium, copper, aluminum, and niobium. 

6. The method of claim 1, Wherein the amorphous metallic 
alloy comprises an alloy having a chemical formula of 
Ce68Cu2OAl1ONb2. 

7. The method of claim 1, Wherein the amorphous metallic 
alloy of the modeling material has a creep relaxation tempera 
ture and a solidi?cation temperature, and Wherein the build 
chamber is heated to an elevated temperature that is betWeen 
the creep relaxation temperature and the solidi?cation tem 
perature. 
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8. A feedstock for use in a digital manufacturing system 
having a feedstock drive mechanism, the feedstock being 
derived from a modeling material that comprises an amor 
phous metallic alloy having a glass transition temperature less 
than about 450° C. and a difference betWeen a melting tem 
perature of the amorphous metallic alloy and the glass tran 
sition temperature of at least about 20° C., Wherein the feed 
stock has dimensions con?gured to be engaged With the 
feedstock drive mechanism of the digital manufacturing sys 
tem. 

9. The feedstock of claim 8, Wherein the dimensions of the 
feedstock provide a Wire shape having an average diameter 
ranging from about 0.508 millimeters to about 2.54 millime 
ters. 

10. The feedstock of claim 8, Wherein the amorphous 
metallic alloy comprises cerium, copper, aluminum, and nio 
bium. 

11. The feedstock of claim 8, Wherein the amorphous 
metallic alloy comprises an alloy having a chemical formula 
of Ce68Cu2OAllONb2. 

12. The feedstock of claim 8, Wherein the glass transition 
temperature of the amorphous metallic alloy is less than about 
250° C. 

13. The feedstock of claim 8, Wherein the difference 
betWeen the melting temperature and the glass transition tem 
perature is at least about 50° C. 

14. A method for building a three-dimensional object in a 
layer-by-layer manner With a digital manufacturing system, 
the method comprising: 

heating a build chamber of the digital manufacturing sys 
tem; 

plastic-metal extruding a modeling material in a ?rst pre 
determined pattem Within the build chamber to form the 
three-dimensional object, Wherein the modeling mate 
rial comprises an amorphous metallic alloy; and 

thermoplastic extruding a support material in a second 
predetermined pattern Within the build chamber to form 
a support structure for the three-dimensional object. 

15. The method of claim 14, Wherein the modeling material 
and the support material each have a creep relaxation tem 
perature, and Wherein the difference betWeen the creep relax 
ation temperatures of the modeling material and the support 
material is less than about 30° C. 

16. The method of claim 15, Wherein the difference 
betWeen the creep relaxation temperatures of the modeling 
material and the support material is less than about 20° C. 

17. The method of claim 15, Wherein the build chamber is 
heated to an elevated temperature that is Within about 20° C. 
of an average creep relaxation temperature of the creep relax 
ation temperatures of the modeling material and the support 
material. 

18. The method of claim 17, Wherein the elevated tempera 
ture that is Within about 15° C. of the average creep relaxation 
temperature. 

19. The method of claim 14, Wherein the amorphous metal 
lic alloy comprises cerium, copper, aluminum, and niobium. 

20. The method of claim 14, Wherein the amorphous metal 
lic alloy comprises an alloy having a chemical formula of 
Ce68Cu2OAl1ONb2. 


